Fhit protein is a powerful tumor suppressor that is frequently lost or reduced in cancer cells because of rearrangement of the exquisitely DNA damage-sensitive fragile FHIT gene. Restoration of Fhit expression suppresses tumorigenicity of cancer cells of various types, and the ability to induce apoptosis in cancer cells in vitro is reduced by specific Fhit mutations (1, 2) .
Through studies of signal pathways affected by Fhit expression, by searches for Fhit protein effectors, and by in vitro analyses of Fhit activity, we and others have defined Fhit enzymatic activity in vitro (3) , apoptotic activity in cells and tumors (4 -6) , and most recently identification of a Fhit protein complex that affects Fhit stability, mitochondrial localization, and interaction with ferredoxin reductase (Fdxr) 5 (7) . The complex includes Hsp60 and Hsp10 that mediate Fhit stability and may affect import into mitochondria, where Fhit interacts with Fdxr, which is responsible for transferring electrons from NADPH to cytochrome P450 via ferredoxin. Virally mediated Fhit restoration in Fhit-deficient cancer cells increases production of intracellular reactive oxygen species (ROS), followed by increased apoptosis of cancer cells under oxidative stress conditions; conversely, Fhit-negative cells escape apoptosis, likely carrying oxidative DNA damage that contributes to accumulation of mutations.
The Fhit protein sequence, showing high homology to the histidine triad (HIT) family of proteins, suggested that the protein product would hydrolyze diadenosine tetraphosphate or diadenosine triphosphate (Ap 3 A) (8) , and in vitro studies showed that Ap 3 A was cleaved into ADP and AMP by Fhit. The catalytic histidine triad within Fhit was essential for catalytic activity (3) , and a Fhit mutant that substituted Asn for His at the central histidine (H96N mutant) was catalytically inactive, although it bound substrate well (3) . Early tumor suppression studies showed that cancer cells stably transfected with wild type (WT) or H96N mutant Fhit were suppressed for tumor growth in nude mice. This suggested the hypothesis that the Fhit-substrate complex sends the tumor suppression signal (9, 10) . To test this hypothesis, a series of FHIT alleles was designed to reduce substrate-binding and/or hydrolytic rates and was characterized by quantitative cell-death assays on cancer cells virally infected with each allele. The allele series covered defects as great as 100,000-fold in k cat and increases as large as 30-fold in K m . Mutants with 2-7-fold increases in K m had significantly reduced apoptotic indices and the mutant with a 30-fold increase in K m retained little apoptotic function. Thus, the proapoptotic function of Fhit, which is likely associated with tumor suppressor function, is limited by substrate binding and is unrelated to substrate hydrolysis (11) .
Fhit, a homodimeric protein of 147 amino acids, is a target of tyrosine phosphorylation by the Src family protein kinases, which can phosphorylate Tyr-114 of Fhit in vitro and in vivo (12) . After co-expression of Fhit with the Elk tyrosine kinase in Escherichia coli to generate phosphorylated forms of Fhit, unphosphorylated, mono-, and diphosphorylated Fhit were purified, and enzyme kinetics studies showed that monophosphorylated Fhit exhibited monophasic kinetics with K m and k cat values ϳ2-and ϳ7-fold lower, respectively, than for unphosphorylated Fhit. Diphosphorylated Fhit exhibited biphasic kinetics; one site had K m and k cat values ϳ2-and ϳ140-fold lower, respectively, than for unphosphorylated Fhit; the second site had a K m ϳ60-fold higher and a k cat ϳ6-fold lower than for unphosphorylated Fhit (13). Thus, it was possible that the alterations in K m and k cat values for phosphorylated forms of Fhit might favor formation and lifetime of the Fhit-Ap 3 A complex and enhance tumor suppressor activity (see Table 1 for characteristics of specific Fhit forms).
To explore the in vivo importance of the Tyr-114 phosphorylation site and define Fhit-mediated signaling events, Semba et al. (14) compared the differential biological effects of Ad-FHIT WT and Ad-FHIT Tyr-114 mutant expression in human lung cancer cells. Caspase-dependent apoptosis was effectively induced only by WT Fhit protein. However, the biological significance of phosphorylation at Tyr-114 has been difficult to study because the endogenous phosphorylated forms have very short half-lives; activation of epidermal growth facto receptor family members induces Fhit phosphorylation by Src and proteasome degradation of phosphorylated Fhit (15) .
Although there are possible connections among the various pathways known to be altered in Fhit-deficient cells, apoptosis, DNA damage-response checkpoint activation, ROS production, and related biological effects of Fhit loss or overexpression, details of the pathway(s) leading from Fhit overexpression to cell death and tumor suppression have not been delineated. Now that a Fhit signaling complex has been identified, we set out to examine which structural features of Fhit protein might participate in individual steps of the pathway leading from Fhit overexpression through complex formation, subcellular localization, interaction with mitochondrial Fdxr, DNA damage induction, cell cycle changes, apoptosis, and ultimately tumor suppression. The underlying hypotheses were as follows: substrate-binding mutants would behave similarly to WT; nonsubstrate-binding mutants would be defective in some step of the pathway, perhaps complexing with heat shock proteins or Fdxr or perhaps induction of DNA damage; and Tyr-114 mutants, which also affect formation or stability of the enzyme-substrate complex, would also be defective in executing some step of the Fhit overexpression pathway to cell death. One goal was to identify specific mutants that exhibited deficiency in specific steps of the pathway, so that such mutants could be used to dissect each step in more detail. Using in vitro Fhit and Fhiteffector protein interactions, we aimed to determine the following: 1) which proteins of the complex interact directly with Fhit, and 2) the biological role of these interactions in vivo. Using cancer cells expressing exogenous WT and mutant Fhit proteins, we were able to examine the structural features of Fhit that affect the direct interaction with its effectors, participate in ROS production, and are necessary for tumor suppression activity.
EXPERIMENTAL PROCEDURES
Cells, Vectors, and Antisera-H1299, MKN74, and HCT116, which are lung, gastric, and colon cancer cells, respectively, were maintained in RPMI 1640 medium plus 10% fetal bovine serum and penicillin/streptomycin (Sigma). H1299 lung cancer cells are both Fhit and p53 negative, and clonal derivatives stably, inducibly, or transiently expressing Fhit and Fhit mutants were prepared as described (16) . MKN74 gastric cancer cell clones stably expressing Fhit and Fhit mutants have been (17) . Cells were transfected using Lipofectamine TM (Invitrogen) following the manufacturer's directions. H1299 cells were transiently infected with AdFHIT and AdFHIT mutant viruses as described previously and lysed for analysis of protein interactions at 48 h after infection (7, 11) .
Western Blot Analysis-Immunoblot analyses were performed as described previously (7, 14) using rabbit polyclonal anti-Fhit (Zymed Laboratories Inc.), rabbit polyclonal antisera against Hsp60 and Hsp10 (Santa Cruz Biotechnology), and rabbit polyclonal anti-Fdxr (Abcam). Protein levels were normalized relative to ␤-actin and/or glyceraldehyde-3-phosphate dehydrogenase level, detected with appropriate antisera (Santa Cruz Biotechnology).
Protein-Protein Interaction-The glutathione S-transferase (GST)/in vitro transcription/translation (IVTT) protein-protein interaction assay was performed essentially as described (18) . Briefly, HSP60, HSP10, FHIT, and FDXR cDNAs were subcloned into pGEX-4T-2 (Amersham Biosciences), which allows high expression of C-terminal GST fusion proteins, and were transformed into E. coli XL1-blue. 10-ml overnight cultures were diluted with LB medium to 800 ml and grown at 37°C until the A 600 values were 0.5; isopropyl-1-thio-␤-D-galactopyranoside addition to a final concentration of 1 mM and incubation for 2 h at 30°C induced protein expression. Cultures were harvested by centrifugation at 2000 ϫ g for 15 min at 4°C. Bacterial pellets were resuspended in phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride, 2 g/ml leupeptin, and 2 g/ml pepstatin. Cells were lysed by two freeze-thaw cycles in the presence of 100 g/ml lysozyme, Triton X-100 (0.2%), and 5 mM dithiothreitol. DNase I was added to final concentration of 20 g/ml. Lysates were incubated on ice for 30 min, and cellular debris was removed by centrifugation. Cleared supernatants were incubated with glutathioneagarose beads (Sigma) for 1 h at 4°C with gentle continuous agitation. Under these conditions, ϳ20 -50 ng of protein was bound to 25 l of beads. Samples were pelleted for 1 min at 300 ϫ g, and pellets were washed three times with 500 l of binding buffer (20 mM Tris, pH 7.5, 10% glycerol, 150 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 0.1% Tween 20, 0.75 mg/ml bovine serum albumin, 0.5 mM phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, and 1 g/ml pepstatin). Lysates containing unmodified pGEX vector were treated similarly and used as negative control. GST and GST fusion protein binding to beads was verified by denaturing gel electrophoresis (SDS-PAGE) and quantified using bovine serum albumin as a standard, as described previously (19) . To produce 35 S-labeled proteins, HSP60, HSP10, FHIT and FDXR cDNAs were subcloned into pET24d (Novagen), and 1 g of these constructs was used in IVTT (TNT-coupled reticulocyte lysate system; Promega). Labeled proteins were quantified as described (19) . Equivalent amounts of protein from each IVTT mix were added to the suspension of protein-bound glutathione beads in 500 l of binding buffer. Mixtures were incubated at 4°C for 1 h with gentle agitation. The beads were washed three times with binding buffer and resuspended in SDS-PAGE loading buffer. Proteins were resolved on 4 -20% gradient SDS-polyacrylamide gels, visualized, and quantified using a PhosphorImager system (GE Healthcare).
Flow Cytometry-Fhit or Fhit mutant-expressing cells were treated with 0.25 and 0.5 mM H 2 O 2 and incubated for varying times, as indicated in the text and figure. Cells were collected, washed with PBS, and resuspended in cold 70% ethanol. For analysis, cells were spun down, washed in PBS, and suspended in 0.1 mg/ml propidium iodide/Triton X-100 staining solution (0.1% Triton X-100, 0.2 g/ml DNase-free RNase A) for 30 min at room temperature and analyzed by flow cytometry.
In Vivo Experiments-Mouse studies were conducted in compliance with institutional guidelines using 6 -8-week-old female Nu/nu mice (Charles River Laboratories Inc., Wilmington, MA) that had been injected with 2 ϫ 6 cells/mouse) into the right flanks of nude mice, four mice per clone, and tumor growth was compared with growth of MKN74/pRcCMV (empty vector) clone. At days 7 and 10, the tumors were measured, and on day 14, mice were sacrificed, and tumors were measured. Statistical analyses for tumor size were done by Student's t test, and p Ͻ 0.05 was considered as significant.
Immunohistochemistry-Immunohistochemical studies were performed using the streptavidin-peroxidase method. Immunohistochemical detection was done using Fhit and Fdxr rabbit polyclonal antisera, diluted 1:3000 and 1:100, respectively. Endogenous peroxidase activity was quenched by methanol containing 3% hydrogen peroxide (Sigma). Nonspecific binding was blocked by applying normal goat serum in a humidified chamber at a dilution of 1:10 for 30 min. Primary antisera were applied overnight at 4°C. Secondary antiserum (goat anti-mouse or anti-rabbit immunoglobulin, DAKO, Denmark) was applied for 1 h at room temperature. Peroxidaseanti-peroxidase (PAP rabbit, DAKO) conjugate diluted at 1:100 in PBS was applied for 45 min at room temperature. Sections were stained with diaminobenzidine tetrahydrochloride (Sigma) and lightly counterstained with hematoxylin. Negative control slides were prepared by omitting primary antiserum. As positive controls for Fhit and Fdxr protein, paraffin sections of normal human tissues were used. Frequency of apoptosis was assessed in mouse xenograft tumor tissues by staining sections using the In Situ Ligation (ISOL) apoptosis detection kit (Chemicon), as directed by the manufacturer.
Detection of 8-OHdG-MKN74 cells stably expressing Fhit or Fhit mutants or H1299 cells expressing induced Fhit or Fhit mutants (10,000 cells/well, LAB-TEC 8 well) were incubated for 48 h and treated with or without 0.5 mM H 2 O 2 for 5 h. Cells were fixed for 15 min with 3.7% buffered formaldehyde and permeabilized with 0.5% Triton X-100 for 10 min. The slides were then incubated with goat anti-8-hydroxyguanosine (8-OHdG) polyclonal antiserum (Chemicon) overnight at 4°C (1:200) after blocking with 5% milk for 30 min. Negative controls were performed by replacing primary antiserum with PBS. Texas Red-conjugated anti-goat serum (Santa Cruz Biotechnology) was used as secondary antiserum (1:500). Cells were counterstained with 4Ј,6-diamidino-2-phenylindole. Images were captured with Zeiss Axio Cam and Axio Visionsystem (ϫ400).
Assessment of Fdxr Protein Stability-1 ϫ 10 6 H1299 cancer cell clones expressing Fhit or Fhit mutants were seeded in 6-well plates, and after 24 h, a cycloheximide (10 g/ml) chase for 0, 6, 12, and 24 h was performed, and the protein lysates were analyzed by immunoblot detection of Fdxr expression level. H1299 cells were chosen for this experiment because they are completely negative for p53, which is a transcriptional inducer of FDXR expression.
RESULTS

Interaction of Purified Fhit Complex Proteins in Vitro-
We previously demonstrated the physical interaction of Fhit with Hsp60/ Hsp10 and with Fdxr using proteinprotein cross-linking and immunoprecipitation (IP) with Fhit antiserum (7) . To further explore interactions in the Fhit protein complex, we did GST/IVTT baitprey interaction experiments (19) to determine whether Fhit is able to interact directly with these proteins or might be part of a larger complex driving indirect interactions with the candidate proteins. We used an assay (19) that relies on use of a GST fusion protein expressed in E. coli as "bait" and IVTT protein as "prey." The degree of purity of all GST fusion proteins and normalization among proteins is shown in Fig. 1A ; this assay proved effective for Hsp60-GST-IVTT-Fdxr and Fhit-GST-IVTT-Fdxr complex interactions but did not detect interaction of Hsp10-GST-IVTT-Fdxr. We detected Hsp10-GST-IVTT-Hsp60 interaction (data not shown) but did not detect direct interaction between Fhit-GST and IVTTHsp60 or IVTT-Hsp10 (data not shown). We are confident that the interaction for each of these IVTT proteins was specific, because we observed nearly undetectable background nonspecific binding, as demonstrated by incubation and centrifugal precipitation of IVTT-Fdxr with purified GST protein previously normalized as control (Fig. 1B) . To determine whether the C-terminal GST tag might influence correct Fhit interactions, we examined protein interactions using only IVTT proteins with anti-Fhit IP as the pulldown method. As shown in Fig. 1C , this strategy was effective with all candidate proteins. We detected the IVTT-Hsp10-IVTT-Hsp60 (Fig. 1C) and IVTT-Fhit-IVTT-Fdxr (Fig. 1D ) interactions and were able also to detect the IVTT-Fhit-IVTT-Hsp60 interaction (Fig. 1C) but not an IVTT-Fhit-IVTT-Hsp10 interaction (Fig. 1D) , confirming that the GST tag on the C terminus of Fhit-GST protein likely interfered with direct interaction with Hsp60, but not Hsp10, suggesting that Fhit does not interact directly with Hsp10. To determine whether monoor diphospho-Fhit interacts with Hsp60 or Fdxr, purified Fhit, phospho-Fhit, or diphospho-Fhit forms (shown on denaturing gel in Fig. 1F ) were individually combined with purified, 35 S-labeled Hsp60 or Fdxr and IP performed using anti-Fhit. As shown in Fig. 1E , lower panel, the two phosphoFhit forms did not bind Hsp60 but bound Fdxr; however, without Hsp60 binding and chaperoning to the mitochondria, these phospho forms may not encounter much Fdxr within cells. The recombinant Fhit and phospho-Fhit proteins were normalized to each other; to show that the unstable phospho-Fhit was still present after IP, we assessed the presence of the slower migrating phospho-Fhit band by Western blot of the immunoprecipitated protein (Fig. 1F) .
In multiple experiments we have attempted to examine the effect of including Fhit substrate, Ap 3 (7). We considered a model in which Fhit acts as a suppressor so that silencing Fdxr would abrogate the Fhit suppressor activity, but the lethal effect of Fdxr turnoff makes this model untenable. At 7 days post-injection, when the average tumor size was 8.4 Ϯ 2 mm in diameter, mice were randomly divided into two treatment groups, and Lipofectamine nanoparticles were used to deliver FHIT-siRNAs or nonspecific siRNA (siNSR). Tumors were injected at days 7 and 14 with 1 nmol of siRNA mixed with 16 nmol of lipoparticles in PBS; tumors were removed at day 21 when the experiment was terminated. Dramatic inhibition of HCT116 FDXR ϩ/Ϫ/Ϫ tumor growth was observed with siFHIT treatment (p Ͻ 0.0001) compared with other experimental groups, siNSR-lipoparticles in HCT116 FDXR ϩ/Ϫ/Ϫ cells, siFHIT, or siNSR-lipoparticles in HCT116 FDXR ϩ/ϩ/ϩ cells (Fig. 2, A and B) . HCT116 FDXR ϩ/ϩ/ϩ /siFHIT and HCT116 FDXR ϩ/ϩ/ϩ / siNSR tumors showed similar growth profiles. Fig. 2A shows the time course of tumor growth for each group. The effect of siRNAs on protein expression in the tumors was assessed by immunohistochemical analysis of fixed tumors (Fig. 2C ) after in vivo treatment; a summary of the results is given in Table 2 . The effect of in vivo FHIT knockdown on HCT116 tumor growth is consistent with the role of Fhit in stabilization of Fdxr, i.e. the HCT116 FDXR ϩ/Ϫ/Ϫ cells require Fhit interaction to keep Fdxr at a level compatible with viability, as illustrated by the high level of apoptosis in the shrinking siFHIT-treated HCT116 FDXR ϩ/Ϫ/Ϫ tumors (Fig. 2C ). To understand this experiment, it is important to note that Fhit is not acting as a tumor suppressor in this experiment. 
TABLE 2 Fhit and Fdxr expression and apoptosis index in siFHIT treated tumors
Fhit and Fdxr expression is as follows: ϩϩϩ, 100 -90%; ϩϩ, 90 -50%; ϩ, 50 -10%. Apoptotic index is as follows: ISOL positive cells/1000 cancer cells. *, p Ͻ 0.001.
Thus, the in vivo experiment confirms a physiologic role of the Fhit-Fdxr interaction.
Fhit Mutants, Subcellular Localization, and Complex Formation-Fhit expression is reduced or absent in many cancer-derived cell lines, and stable or transient expression of exogenous Fhit in cancer cells has various biological effects. We have isolated and characterized stable and inducible Fhit and Fhit mutant-expressing cell lines that have now been used to examine subcellular localization of Fhit and Fhit mutants and then to examine the composition of the Fhit mutant-effector protein complexes in the transfected cells. Some of the mutants and their enzyme kinetics have been examined previously (3, 11, 14) ; characteristics of specific Fhit mutants and phospho forms are summarized in Table 1 . Stable FHIT and FHITH96N mutant transfectants of MKN74 gastric cancer cells were shown to be suppressed for tumorigenicity in nude mice (9) . The Fhit H96N protein with mutation of the central and critical His of the histidine triad is catalytically inactive with a k cat reduced by Ͼ10,000-fold, but the K m is only increased ϳ2-fold (see Table 1 ), allowing continued substrate binding and prompting the hypothesis that substrate binding, but not cleavage, was important for suppressor activity (9, 10). Other mutations that affect substrate binding or enzyme cleavage differentially (11) and mutations at the Tyr-114 site that affect phosphorylation (14) have been isolated and some characteristics studied (see Table 1 ). MKN74/FHIT and MKN74/FHIT mutant stable transfectant cells were fractionated into cytosolic and mitochondrial fractions, and subcellular locations of the WT and mutant proteins were assessed (see Fig. 3A ). In this experiment only WT and H96N protein showed substantial localization in the mitochondrial fractions (20 and 29%, respectively), with Y114F protein showing some mitochondrial localization (9.6%). The Y114A, Y114D, and L25W proteins remained mainly cytosolic in MKN74 stably expressing cells.
In co-immunoprecipitation (co-IP) experiments using antiserum against Fdxr or Hsp60, WT and H96N proteins were co-precipitated with both Fdxr and Hsp60 (Fig. 3B) . In this experiment we observed some co-precipitation of Y114A protein with Fdxr and Hsp60, although the sub-localization experiment in Fig. 3A Fig. 4 . In  Fig. 4A , co-IP of Fhit with Hsp60 (middle panel) illustrates that both WT and Fhit H96D, which bind Fhit substrate well, interact well with Hsp60, whereas the mutants Y114D and Y114A interact poorly with Hsp60; similarly, these two mutants, which bind Fhit substrate poorly, also bind Fdxr poorly. A second experiment is shown in Fig. 4B. Fig. 4B , left panel, shows the level of Fhit and Hsp60 in lysates of H1299 cells infected with AdFHIT WT or AdFHIT Y114F, Y114A, or Y114D mutants. As shown in Fig. 4B , right co-IP panel, the three Tyr-114 mutant proteins interact poorly with Hsp60.
The cumulative results of these co-localization and co-IP experiments show that not only are nonsubstrate-binding proteins not good apoptosis inducers as shown previously (11), but in general they do not participate in interaction with the Fhit effector proteins, a function that precedes induction of apoptosis by Fhit. Although the Fhit viral protein expression was not perfectly homogeneous among Fhit WT and mutants (Fig. 4A) , the IP for Hsp60 and Fdxr was normalized for Fhit protein expression (input), previously normalized for two housekeeping proteins Vinculin (Fig. 4A ) and glyceraldehyde-3-phosphate dehydrogenase (data not shown).
Fhit-related Biological Functions of Cancer Cells Expressing Fhit
Mutants-To examine the responses of cancer cells expressing exogenous WT and mutant Fhit proteins, the stable MKN74 Fhit expressors and the induced H1299 expressors were treated with 0.5 mM H 2 O 2 , a concentration known to differentially effect ROS and apoptosis in Fhit-negative and -positive cancer cells (7), and the occurrence of DNA damage in the nuclear genomes was assessed by immunofluorescent detec- A, mitochondrial and cytosol fractions of MKN74 transfectants were isolated using mitochondria/cytosol fractionation kit (BioVision), and fractionated lysates were separated on a polyacrylamide gel and probed with anti-Fhit serum (left panel). Western blot images were analyzed with GS800 calibrated densitometer (Bio-Rad) and Quantity One software system to determine the ratio of Fhit or mutant Fhit protein in mitochondria versus cytosol (right panel). Note that the Y114D residue adds a negative charge to the protein, effecting slower migration on the gel, whereas the Y114F and Y114A mutants migrate faster than WT Fhit. Note also that the Y114D mutant was made to mimic a phospho-Fhit and is apparently much less stable than WT, in accord with the report that phospho-Fhit is targeted for degradation (15) . B, MKN74/FHIT and FHIT mutant transfectants (WT, Y114A, Y114D, Y114F, H96N, and L25W) were cultured, and 10 6 cells of each were collected. Cells were lysed; DSP cross-linker was added, and immunoprecipitation with Fdxr or Hsp60 antiserum was carried out; proteins were separated on polyacrylamide gel and probed with anti-Fhit serum. Western blot images were analyzed with GS800 calibrated densitometer (Bio-Rad) and Quantity One software system. tion of 8-OHdG residues in the DNA of the respective cell lines (Fig. 5) . Fig. 5A illustrates results for the MKN74 stable transfectants, in which the red nuclear stain detects 8-OHdG and the blue stain is 4Ј,6-diamidino-2-phenylindole nuclear DNA staining (insets). In the MKN74 stable transfectants only the WT and H96N-expressing cells exhibit strong 8-OHdG; Y114A and F5W expressing cells show weak 8-OHdG staining, whereas empty vector, Y114D, Y114F, and L25W-expressing cells are negative for 8-OHdG staining. These results are an indication of more extensive oxidative DNA damage in WT and H96N mutant expressing cells, as shown in the bar graph in Fig. 5B .
Similarly, H1299D1 cells expressing induced WT Fhit showed strong nuclear 8-OHdG, whereas Y114E, Y114F, Y114W, and del113-117-expressing cells showed lack of evidence of 8-OHdG in peroxidetreated cells (not shown). Negative controls for all cells showed no staining (data not shown). To determine whether the variable 8-OHdG staining in WT and Fhit mutant-expressing cells could be a result of varying Fdxr stability in the cells, a cycloheximide chase experiment was performed. We found that in accord with previous results (7), Fdxr was relatively stable when WT Fhit was present (Fig. 5C) . Instead, in the presence of Y114D mutant, we observed a decrease in Fdxr stability at 12 (0.5) and at 24 h (0.2). Interestingly, in the presence of the Y114A mutant protein, which exhibited only partial mitochondrial localization, immunoprecipitated with Hsp60 and Fdxr (Fig. 3) , but did not function as tumor suppressor in vivo (see below), Fdxr was more stable at 12 h (1), compared with Y114D (0.5), but was less stable at 24 h (0.3), compared with the WT (Fig. 5C ). This result strongly suggests that Tyr-114 is not only important for binding but directly affects Fdxr stability when interaction occurs. In previous experiments (7) we have shown that after H 2 O 2 treatment, Fhit-negative MKN74 and H1299 cancer cells escape apoptosis, whereas the same cells expressing WT Fhit are more susceptible to apoptosis induced by H 2 O 2 , as well as cisplatin and paclitaxel. Thus, we also tested mutant Fhit-expressing cells for response to H sub-G 1 cells for Y114D, Y114F, and empty vector expressing cells, confirming that the Y114D and Y114F mutants are deficient in apoptosis induction. Furthermore, although at 24 h we did not find a significant sub-G 1 population in Tyr-114 mutant-expressing cells, compared with WT and H96N expressors, there was a consistent increase in G 2 /M population consistent with the fact that stressed p53 minus or mutant cells undergo G 2 /M arrest; at 48 h the Tyr-114 mutant expressors overcame arrest and re-entered the cell cycle. Consistent with previous observation, Fhit-deficient cells avoid G 2 /M arrest and apoptosis, likely carrying unrepaired DNA damage.
Finally, Fhit WT and Fhit mutant-expressing MKN74 cells were injected into nude mice, and growth of tumors was assessed to determine the tumor suppressor function of Fhit mutants relative to WT Fhit and Fhit negative (empty vector) MKN74 cells. Results of the experiment are shown in Fig. 7 , which illustrates that WT and H96N-expressing cells are almost completely suppressed for tumor growth, whereas Y114A-and Y114F-expressing cells formed large tumors by day 14; Y114D-and L25W-expressing cells showed intermediate growth, suggesting that these mutants retain some tumor suppressor function.
DISCUSSION
The earlier finding that Fhit interacts with the Hsp60/10 complex and is imported into mitochondria where it interacts with and stabilizes Fdxr is of interest for a number of reasons. 1) Under stress conditions Fdxr accumulates in mitochondria to a higher level in Fhit-positive cells (data not shown). 2) Fdxr accumulation under stress conditions increases the electron transport process, depleting the reduced NADPH pool (20) , and in the absence of NADPH to detoxify ROS, ROS-induced apoptosis is amplified (7). 3) In the absence of Fhit, a condition occurring in most cancers, there is less Fdxr in the mitochondria, allowing better detoxification of ROS and less apoptosis. 4) This can allow survival of Fhit-deficient cells carrying a low level of oxidative damage that can contribute to neoplastic progression. Fhit-negative pre-neoplastic lesions would escape apoptosis, carrying some oxidative damage and resulting mutations, setting pre-neoplasias on the path to progression. Antioxidants may contribute to cancer prevention by blocking this route to neoplastic progression.
Similarly, p53 is activated and induces apoptosis in response to various cellular stresses in part through ROS, and simultaneously p53 increases transcription of the FDXR gene, which in turn enhances p53 function by increasing ROS-induced apoptosis (17, 20) . Sablina et al. (21) showed that through the level of p53 expression, FDXR expression and thus ROS generation are fine-tuned, such that with normal p53 expression levels and mild oxidative damage, p53 induces antioxidant genes, and ROS is lowered and DNA repaired; with extensive stress and irreparable damage, p53 induces expression of pro-oxidant genes, including FDXR, and ROS is generated and damaged cells die by apoptosis.
Direct Protein-Protein Interactions in the Fhit Complex-In vitro studies of direct interactions among Fhit and effector proteins showed that Fhit interacts directly with Hsp60 and Fdxr and Hsp60 interacts directly with Hsp10, suggesting that Fhit indirectly interacts with Hsp10 through binding to Hsp60.
As for interaction of phospho-Fhit forms, it was hypothesized (13) that monophospho-Fhit should bind Ap 3 A well because of its decreased K m value, whereas it is difficult to predict expectations for diphospho-Fhit because of its biphasic kinetics (13) . It is possible that the diphosphorylated form of Fhit does not occur in cells because phosphorylation of one Fhit monomer leads to rapid degradation (15) . Results shown in In Vivo Effect of Fhit-Fdxr Interaction-To demonstrate that the interaction of Fhit and Fdxr had biological consequences, we needed a cell system in which Fhit expression has a biological effect, such as an effect on tumor growth or apoptosis. Fhit is expressed in few tumorigenic cancer-derived cell lines, and in those with Fhit expression, Fhit is not suppressing growth; thus, the ideal cell model, a cancer cell that is suppressed for tumor growth because of endogenous Fhit expression so that we could test effects of Fdxr knockdown on tumorigenicity, is an oxymoron. Therefore, we chose to test the effect of Fhit knockdown in tumors with varying levels of Fdxr. The fact that Fhit knockdown in HCT116 FDXR ϩ/Ϫ/Ϫ tumors, but not HCT116 FDXR ϩ/ϩ/ϩ tumors, causes highly significant eradication of tumors, as illustrated in Fig. 2 and Table 2 , may seem antithetical to the role of Fhit as a tumor suppressor, but we interpret this experiment not only as proof of the biological necessity of the Fhit-Fdxr interaction but as evidence that further reduction of the level of Fdxr in HCT116 FDXR ϩ/Ϫ/Ϫ cells, because of instability in the absence of Fhit, leads to loss of viability.
Biochemical and Biological Functions of Fhit Mutants-Specific Fhit amino acids were previously targeted for mutation based upon predicted effects on substrate binding, catalytic activity, or the ability to be phosphorylated (3, 9, 11, 14) , and it was determined that mutants with reduced substrate binding showed reduced ability to induce apoptosis, whereas mutants within the catalytic domain still showed apoptotic and suppressor function (9, 11) . The highly conserved (from Schizosaccharomyces pombe to Homo sapiens) tyrosine at position 114 of human Fhit is within an unstructured 20-amino acid loop that has been invisible in all reported Fhit structures (10) . Preliminary x-ray crystallographic studies show that the loop is less flexible (i.e. more visible) when Tyr-114 is phosphorylated, 6 and we hypothesize that the loop in phosphorylated forms may hover over the substrate surface, simultaneously allowing lowered K m values but possibly obscuring the Fhit-substrate signaling surface. Tyr-114 mutant Fhit proteins had higher K m values and were less capable of inducing caspase-dependent apoptosis in human lung cancers (14) .
To determine which Fhit biological activities are retained by specific Fhit mutants that were previously studied for the ability to induce apoptosis (see Table 1 , left 5 columns) in cancer cells (9, 11), we have used two cell models with stable or transient expression of exogenous Fhit and Fhit mutants; the gastric cancer-derived cells, MKN74 with homozygous deletion of FHIT exon 5 (9) and mutant p53, are highly tumorigenic in nude mice, and WT Fhit suppresses tumorigenicity (9); and H1299 lung cancer cells express no endogenous Fhit or p53. The results obtained with the different cellular models were similar but not identical, possibly because of cancer cell differences or methods of producing Fhit expression, or both. The results shown in the right 6 columns of Table 1 are a summary of the consensus results from the three cell models, including some data that were not shown. The Fhit H96N and H96D catalytic mutants with near zero catalytic activity but only 2-fold reduced substrate binding ability are very similar to WT Fhit in each measured biological function, including sub-localization to cytosol and mitochondria, binding to Hsp60 and Fdxr, production of oxidative DNA damage, apoptosis, and tumor suppression. Y114D mutant produced little protein, which did not bind Hsp60 or Fdxr and did not localize to mitochondria, perhaps because Fhit Y114D mimics phospho-Fhit and is rapidly degraded (see Fig. 3B, right panel) . The Y114F and L25W mutants did not bind Fhit substrate well, did not bind Hsp60 or Fdxr, nor induce production of 8-OHdG or apoptosis after H 2 O 2 treatment; however, these mutants when expressed in MKN74 cells produced tumors that, although significantly larger than tumors produced by WT Fhit-expressing cells (p ϭ 0.04), were not much larger than tumors produced by H96N expressors (p ϭ 0.2). Does this mean that these mutants retain some tumor suppressor activity? It seems unlikely, and we believe that we would see a significant difference in sizes relative to H96N tumors with another few days growth.
Perhaps the most interesting mutant, Fhit Y114A in MKN74 cells, did bind Hsp60 and Fdxr (Fig. 3B) , apparently as well as H96N, and showed some H 2 O 2 -induced 8-OHdG (Fig. 5B) but completely lacked tumor suppressor activity. Fhit Y114A stands out from the other loop mutants in having the highest K m value, i.e. it binds substrate most poorly of all the mutants, consistent with its lack of tumor suppressor activity. The deletion mutant, del113-117, has the next highest K m value, consistent with the idea that the Y114A and deletion mutants have the most drastic effect on the biochemical or structural function of the loop region, perhaps eliminating the ability of the loop to support binding of the substrate, or perhaps obscuring the binding site altogether, preventing substrate binding and suppressor signaling. Another possible conclusion from the Y114A result is that substrate binding is not essential for interaction with Hsp60 or Fdxr, although it may influence mitochondrial localization. More detailed analysis of biochemical and biological properties of the Y114A, del113-117, and Y114D mutants will be useful. For example, it would be interesting to determine the crystal structure of the Y114A protein to observe the effect on the loop structure. Because Tyr-114 mutants are not in the catalytic site but affect substrate binding, Tyr-114 clearly has other functions in addition to signaling degradation, because Tyr-114 mutants lack several biological and biochemical functions. The results of sub-localization and in vivo effector binding studies raise several questions. Is substrate binding necessary for interaction of Fhit with Hsp60, for interaction with Fdxr, for mitochondrial localization, or for all three, and is substrate binding the critical feature for all of these functions? In H1299 cells transiently expressing these mutant proteins (Fig. 4) , Hsp60 interaction seems equally poor for the three Tyr-114 mutants. Interestingly, mitochondrial localization of rat dinucleoside triphosphate hydrolase, almost certainly the rat Fhit homolog, and the Ap 3 A substrate, in the matrix space of rat liver mitochondria was reported as early as 1991 (22) . The results of flow cytometric detection of apoptotic fractions, 8-OhdG, and xenograft suppression in MKN74 stable transfectants, as well as H1299-inducible transfectants, showed that Fhit mutants that lack ability to bind Fhit substrate also showed reduced ability to participate in Fhit biological activities.
The convergence of the biochemical assay results with the biological outcomes were satisfying yet suggest the following possibilities: 1) there may be additional protein members of the Fhit complex that could differ in specific cancer cell types and could influence mitochondrial localization and effector binding; 2) substrate binding may not be the only function that affects Fhit binding to Hsp60 and Fdxr; and 3) it will be necessary to test more cell types and more protein interactors (7) to clarify differences in biochemical activities of Fhit within cells and how these biochemical functions transmit signals for biological functions.
